Seaweeds have been used as a food for centuries in Asia and are increasingly exploited as a source for dietary supplements, animal feed, chemicals, and biofuels. In recent years, there has been an increase in the prevalence of diseases and pests in these aquaculture crops, with a subsequent reduction in their quantity and commercial value. In this article, we review diseases that have been reported in the scientific literature for species of red and brown seaweeds. We have focused on the major seaweed crops grown in Asia, where much of this production is centered.
T A B L E 2 Diseases and disease agents of red and brown seaweeds in aquaculture in Asia 
Pseudoalteromonas elyakovii
Gram-negative bacteria Japan Sawabe et al.
Pseudoalteromonas bacteriolytica
Gram-negative bacteria Japan Sawabe et al. Kawai and Tokuyama (1995) Abbreviation: FAO, Food and Agriculture Organization of the United Nations.
| THE ECONOMIC IMPACT OF SEAWEED DISEASES AND PESTS
The occurrence of diseases and pests results in losses of 25-30% of harvested volumes of Saccharina japonica at a regional scale in China (Wang et al., 2014) . Some of these diseases are known to be triggered by abiotic factors (Table 2) Disease incidence is estimated to reduce the output of Korean Pyropia farms by up to 20% in some regions (G. H. Kim et al., 2014) , with much of this loss attributed to the oomycete pathogen Olpidiopsis pyropiae. Klochkova, Shim, Hwang, & Kim, 2012 ) and a condition known as green-spot disease, now known to be caused by the virus PyroV1 (G. H. Kim et al., 2016) . Although disease-affected crops may still be harvestable and marketable, the lower quality and yield has a significant negative economic impact on these crops (G. H. Kim et al., 2014) .
Losses of eucheumatoid stocks because of diseases and pests in the Philippines have resulted in a reduction of 15% of production yields, which is equivalent to almost $100 million on an annual basis (Cottier-Cook et al., 2016) .
In the Philippines, over 200,000 families work in seaweed aquaculture (Pedrosa, 2017) ; however, problems brought about by epiphyte infestations and ice-ice disease have resulted in diminishing culture stocks and reduced carrageenan quality, which in turn leads to low market value, loss of income, and loss of job opportunities, particularly for marginal seaweed farmers.
| SIGNIFICANT DISEASES AND PESTS OF CULTIVATED SEAWEEDS
Because of their detrimental impact on valuable Pyropia stocks, the oomycete pathogens Pythium porphyrae and
Olpidiopsis porphyrae are perhaps the best-studied seaweed diseases. Red rot disease, attributed to P. porphyrae in 1977 (Takahashi, Ichitani, & Sasaki, 1977) , has caused significant reductions in the yield and quality of Pyropia crops since it was first recorded in Japan in the 1940s (Arasaki, 1947) . Olpidiopsis disease, initially thought to be caused by a chytrid pathogen (and therefore referred to as "chytrid blight"), was also first recorded in Japan (Arasaki, 1960) but has since been recorded in Korea and China (G. H. Kim et al., 2014) . Interactions between oomycete pathogens and their Pyropia hosts have been subject to much study (Klochkova et al., 2012; Uppalapti & Fujita, 2002) , although to date, these studies have offered little insight into biosecurity strategies that may limit the impact and spread of these diseases in culture environments. Recently, symptoms recognized as red rot disease have been attributed to other disease agents, namely, the closely related oomycete Pythium chondricola (Qiu et al., 2019) and the fungus Alternaria sp. (Mo et al., 2016) . Similarly, Olpidiopsis disease has been linked to another Olpidiopsis species, O. pyropia , suggesting that the relationship between disease symptoms and disease agents may not be straightforward.
Several disease conditions listed in Table 2 have been attributed to the presence of one or more bacterial species. Ice-ice disease, affecting Kappaphycus and Eucheuma spp., is characterized by a whitening of the thallus in response to environmental stress and the action of opportunistic pathogenic bacteria (Ask & Azanza, 2002; Doty & Alvarez, 1975; Uyenco, Saniel, & Jacinto, 1981) . Several bacterial species and complexes have been linked to ice-ice disease, including Cytophaga-Flavobacterium complex (Largo et al., 1995) and the presence of both Alteromonas and
Pseudoalteromonas (Syafitri et al., 2017) . Solis et al. (2010) also demonstrated the ability of marine fungi (Aspergillus spp. and Phoma sp.) to induce ice-ice symptoms in both Kappaphycus alvarezii and K. striatum under laboratory conditions. However, the exact mechanisms by which these organisms are able to cause the progression of ice-ice symptoms in Kappaphycus and Eucheuma spp. are as yet unknown, as is the role of environmental stress in inducing disease.
As knowledge of seaweed diseases and the range of micro-organisms associated with them increases, it becomes necessary to move beyond the one-disease-one-pathogen paradigm toward the pathobiome concept (Bass, Stentiford, Wang, Koskella, & Tyler, 2019) . Pathobiotic systems are those in which multiple host-associated organisms (encompassing prokaryotes, eukaryotes, and viruses) are associated with reduced host health status as a result of interactions between members of that set, the host, and environmental factors. Even where a primary agent can be identified, its effect is often moderated by other symbionts. In seaweeds particularly, which are known to be associated with a wide diversity of microbial symbionts that influence their development, ecology, and evolution (Egan et al., 2013; Brodie et al., 2016 and refs therein) , the potential for invasion by opportunistic pathogens, environmentally induced pathogenesis, and microbial dysbioses to initiate or exacerbate disease are diverse and omnipresent.
Furthermore, a particular set of clinical signs of disease that might suggest a common cause by a primary pathogen may in fact have multiple etiologies, which present in similar ways (the "moving target" hypothesis; Sutherland et al., 2016) .
Among the most significant pests of commercially cultivated seaweed species are epiphytic algae. Epiphytic filamentous algae (EFA) are responsible for a significant decrease in both the production biomass and carrageenan quality of cultivated Kappaphycus and Eucheuma spp. in Southeast Asia and thereby affect both the income and job security of farmers in productive regions (Critchley et al., 2004; Hurtado & Critchley, 2006a; Hurtado & Critchley, 2006b) . EFA are prevalent in all major eucheumatoid-producing countries and in countries with smaller, but developing, industries, including Madagascar and China (Pang et al., 2015; Tsiresy et al., 2016) . Outbreaks of
Polysiphonia have been reported as the cause of massive declines in K. alvarezii production in the Philippines and Malaysia (Hurtado & Critchley, 2006a; Vairappan, 2006) , 
| SEAWEED DISEASE MANAGEMENT AND BIOSECURITY
In order to attempt to eliminate or mitigate the impact and spread of disease and pest outbreaks on seaweed aquaculture, several treatments or mitigation strategies have been used. The washing of Pyropia blades in acid solutions is a widespread practice and is often used in an attempt to control all diseases (G. H. Kim et al., 2014) . Sakaguchi, Park, Kakinuma, and Amano (2001) showed that washing thalli in an acid of pH 2.0 for 5 min was effective for suppressing the development of red rot disease, although exposure times are often closer to 30 seconds in practice and so are largely ineffective (G. H. Kim et al., 2014) . This exposure to acidic conditions may, however, be partially effective for the treatment of green algae, diatoms, and cyanobacteria, the latter two of which are caused by the colonization of the blade surface by micro-organisms (Table 3) . No effective treatment is yet available for either green-spot disease or Olpidiopsis disease, the two most severe diseases of Pyropia crops (G. H. Kim et al., 2014) . However, there is evidence that fungal endophytes associated with brown algae produce bioactive metabolites that have the potential to protect against pathogen infection and have been shown to inhibit infection of Pyropia yezoensis by O. pyropiae and P. porphyrae (Prado, Vallet, Gachon, Strittmatter, & Kim, 2017; Genta-Jouve, Gachon, Kim, & Prado, 2018; Qiu et al., 2019) .
Changing cultivation conditions, particularly the repositioning of cultivation ropes to modify exposure to light and more favorable salinities, are effective measures that can be taken to reduce the severity of diseases caused by exposure of S. japonica to unfavorable abiotic conditions (Wang et al., 2014) .
T A B L E 3 Symptoms of diseases that have been reported in red and brown seaweeds in aquaculture in Asia Disease name Host Symptoms (for sources see Table 2 )
Rotten thallus syndrome

Gracilariopsis heteroclada
White to pinkish discoloration and gradual disintegration of thallus. Causes erosion of the pericarp.
Epiphytic filamentous algae
Kappaphycus and Eucheuma spp.
Tiny black spots become visible on the cortex of the host, followed by the appearance of "goosebumps" as the epiphyte matures. At the end of infection, dark pits are left on the cortical surface, and the host is infected by opportunistic bacteria The current technique for decreasing the impact of pest epiphytes on eucheumatoid stocks is to monitor cultivated populations and remove the pests by hand as quickly as possible before they can reproduce and spread (Ask & Azanza, 2002; Pang et al., 2015) . The removed material is then taken to land and disposed of. Plants infested with EFA are harvested immediately and replaced with uninfected propagules from a separate location (Ask & Azanza, 2002) .
The development of ice-ice symptoms in Kappaphycus and Eucheuma is thought to be the result of stress to the host from abiotic conditions, such as temperature and salinity (Vairappan et al., 2008) and light intensity and water movement (Hurtado & Critchley, 2006a) in combination with the action of opportunistic bacteria (Largo et al., 1995; Uyenco et al., 1981) . The triggers behind disease onset and progression are not well understood, and as a result, no effective management protocols that are cost effective have been developed to date.
The improvement of disease mitigation strategies in macroalgal aquaculture is reliant on increasing our understanding of the agents and abiotic factors influencing disease onset and progression and the subsequent development of biosecurity programs, including the use of quarantine procedures and improved farm management practices through capacity building (Campbell et al., 2019) .
| FUTURE DIRECTIONS FOR SEAWEED AQUACULTURE
The continued and sustainable expansion of seaweed aquaculture is reliant on a number of factors. Perhaps the most pressing is the need for a greater understanding of the causes of pathogenic and physiological disease. Improvement in methodologies for the characterization of pathogens, such as the application of histopathological and molecular diagnostic techniques already routinely used in other aquaculture sectors, will lead to the development of rapid and robust diagnostic techniques. These in turn will allow for the early detection of pathogen (and pest) outbreaks and, when paired with disease surveillance programs and the monitoring of environmental conditions, will lead to a greater understanding of the abiotic and biotic factors influencing disease and pest outbreaks.
Several diseases affecting cultured algal species are known to be caused or exacerbated by abiotic stress as a result of unfavorable environmental conditions, particularly increased water temperature, light, and changes in water salinity (Arasamuthu & Patterson Edwards, 2018) . As sea water temperatures continue to rise, as a result of climate change, such incidents may be expected to become more frequent and severe. Therefore, it is important to adapt farm management, such as culturing red algae in deeper water to reduce the impact of too much sun and potentially reduce the growth of epiphytes that may be optimum in higher light conditions, and to ensure biosecurity practices.
It is also important to gain a greater understanding of the association between these abiotic factors and opportunistic pathogens, such as the role of bacteria in the development of ice-ice disease in Kappaphycus and Eucheuma. The microbial community associated with seaweeds is also known to have an important role in both their normal development and in disease (Egan et al., 2013) . The composition of these pathobiotic communities and the factors influencing unfavorable shifts in community structure, however, remain largely unexplored (Bass et al., 2019) .
Marine viruses are c. 10 times more abundant in marine environments than both bacteria and archaea (Fuhrman, 1999; Middelboe & Brussard, 2017) and are known to be drivers of both mortality and microbial community structure. Their role in health and disease is poorly understood, but evidence from the wild suggests that viruses will be an agent of diseases in cultivation (McKeown et al., 2017) . However, improved surveillance and detection methods, particularly using unbiased molecular methods such as metagenomics on infected seaweed tissues will facilitate the discovery and characterization of novel viruses and lead to a greater understanding of their influence on seaweed aquaculture.
In addition to improving our understanding of disease-causing agents, it is important to also consider the role of the host in disease and pest susceptibility. The domestication of seaweeds has, in many cases, led to a reduction of the genetic diversity of seaweed crops, which in turn may result in an increased susceptibility to pathogenic and physiological disease (Valero et al., 2017) . A greater understanding of the genetic diversity of cultured seaweeds and appropriate breeding strategies and crop selection are required to retain this genetic diversity and safeguard the disease and pest resistance cultivars for future use by the industry.
